maximal velocity was about 10 times faster than the transport reaction. The latter observation is kinetic proof for the lack of strict coupling between transport and phosphorylation in these enzymes.
Enzyme II mannitol (EIIMtl') of the phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS) in Escherichia coli is an integral membrane protein, responsible for the coupled transport and phosphorylation of its substrate, mannitol. The transport reaction occurs at the expense of PEP. The phosphoryl group is transferred from PEP via two cytoplasmic proteins, enzyme I (El) and histidine-containing phosphocarrier protein (HPr), to the actual transport protein, EIl, according to the scheme in Fig. 1 .
Some systems, such as the glucose PTS, contain another cytoplasmic protein, EIII, which transfers the phosphoryl group from HPr to glucose-specific EII. The nucleotide sequences of various EIIs and EllIs have been compared. On basis of these analyses, it was proposed that EIl species which operate without a separate EIII possess an EIII-like domain at their C termini (19) . A review of the structure and sugar transport mechanism of the different ElIs (17) and a general review of the PTS (14) have appeared previously.
EIIMt`was the first EII to be purified to homogeneity (5) and sequenced (7) and, consequently, has been the most extensively studied. The enzyme consists of a membranebound domain and a cytoplasmic domain of about equal size (30 kDa) (4, 20) . The cytoplasmic part forms a globular protein, which can be removed from the membrane by trypsinolysis (20) . The remaining membrane-bound domain is still able to bind mannitol (3) . Purified EIIMtI possesses one high-affinity and one low-affinity binding site per dimer (13) . In agreement with the proposed EIII function coupled to EII, EIIMtI contains two phosphoryl-binding sites (12) . The phosphoryl group coming from HPr is first donated to histidine 554 and then transferred to cysteine 384. The enzyme is active only in the reduced form and can be irreversibly inactivated with N-ethylmaleimide (NEM).
The catalytic activity of EIIMtl in the solubilized form is usually measured by monitoring the phosphorylation of mannitol. The actual transport activity of the purified enzyme can be studied only if the enzyme is first reconstituted in liposomes. The major advantage of reconstitution is that no interference from other transport systems can occur.
Reconstitution of EIIMtl has been reported previously (8) ; however, in the preparation of Leonard and Saier, only the transphosphorylation reaction, mannitol transport, and phosphorylation at the expense of internal mannitol 1-phosphate could be observed (8) .
( Active extrusion of mannitol was measured similarly after the addition of PEP, El, and HPr at the outside.
Active uptake of mannitol into the liposomes was measured by using liposomes preloaded with a mixture of PEP (10 mM), El (0.5 p.M), and HPr (6 p.M) during sonication.
14C-mannitol (7 p.M, 59 mCi/mmol) was added at the outside of the liposomes, and the accumulation of mannitol was measured after sampling and filtration as described above. Specific conditions for each experiment can be found in the figure legends.
Polyacrylamide-sodium dodecyl sulfate slab gel electrophoresis was performed according to the method of Laemmli (6) . The gel contained 12.5% acrylamide. After electrophoresis, the gel was stained with silver according to the method of Wray et al. (22) .
Electron microscopy. For freeze fracturing, concentrated proteoliposomes in 10% glycerol were rapidly frozen in liquid Freon 12. Freeze-etch replicas were prepared with a Balzer BA 360 freeze-etching unit (Balzer, Liechtenstein).
RESULTS
Preparation of proteoliposomes. Purified E. coli EIIMtl was reconstituted into liposomes as described in Materials and Methods. For complete removal of decyl-PEG, it was necessary to include deoxycholate in the first dialysis buffer. The total EII-dependent phosphorylation activity of the proteoliposomes, in the presence of 1% decyl-PEG, was 85% of the activity of the original ElI preparation, indicating that 15% of the activity was lost during the entire procedure of liposome preparation. Figure 2A shows an electron micrograph of a negatively stained liposome preparation. The size distribution varied between 200 and 500 nm. Figure 2B shows a freeze-fracture electron micrograph of the same preparation. EIIMt`is visible as randomly distributed small particles.
Orientation of EII in proteoliposomes. EIIMt' consists of a membrane-bound domain and a cytoplasmic domain. Trypsin inactivates ElI in inverted vesicles but not in spheroplasts because it cleaves off the cytoplasmic domain (4, 20) . We have treated proteoliposomes with trypsin in the presence or absence of detergent and stopped the reaction with trypsin inhibitor after 10, 20, or 30 min. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of the treated liposomes illustrated the results (Fig. 3) . Untreated proteoliposomes are shown (lane 1) with a 60-kDa band representing intact EIIMtI. When liposomes were treated with trypsin in the absence of detergent, the intensity of the 60-kDa band decreased and a 34-kDa band with an intensity approximately equal to that of the remaining 60-kDa band appeared (lanes 2 to 4). The 34-kDa band represents the membrane-bound portion of the inverted ElI population.
The cytoplasmic portion is further degraded and cannot be seen on these gels (20) . Trypsin treatment in the presence of detergent resulted in the complete loss of the 60-kDa band. (lanes 5 to 7). Since trypsin treatment of the intact liposomes degraded approximately half of the Eli, it would appear that there is a random orientation of Eli. This was substantiated by measuring the phosphorylation activity in the presence of 1% decyl-PEG, 6 puM HPr, 0.5 [uM El, 5 mM PEP, and 1 mM mannitol before and after trypsin treatment of the intact liposomes. The activity after trypsin treatment was 14 nmol * minmg of lipid-1, which was 50% of the original activity, confirming that trypsin degrades half of the EIl molecules in intact liposomes, consistent with an equal number of EIl molecules facing in each direction.
Active extrusion of mannitol. When mannitol is trapped inside the liposomes, the Ells with inverted orientations should be able to catalyze the active extrusion at the expense of externally added PEP, El, and HPr (see scheme B in Fig.  8a ). Trypsin should inhibit this process by cleaving off the outwardly oriented cytoplasmic domains. The effect of trypsin on the active extrusion of mannitol was measured in two different preparations (Fig. 4A) . In the first preparation, trypsin was present during the first 32 min of the experiment to trypsinolyse the cytoplasmic part of the inverted EIls.
Before the addition of a mixture of El, HPr, and PEP, trypsin inhibitor was added to prevent the inactivation of the soluble PTS components. In the second preparation, trypsin inhibitor was added before trypsin to prevent the digestion of the inverted ElIs. Both preparations showed only a slow efflux of mannitol in the first 35 min. However, a rapid extrusion of mannitol was observed in the preparation with intact ElI after addition of a mixture of PEP, El, and HPr at the outside of the liposomes at the time indicated by the arrow in Fig. 4A . Removal of the cytoplasmic domain with trypsin did not influence the slow efflux in the first 35 min but completely blocked the PEP-dependent extrusion of mannitol. NEM, which inactivates EIIMt", also inhibited the PEPdependent transport of mannitol, although not completely, while the slow efflux of mannitol in the presence of El and HPr was unchanged (Fig. 4B) . Upon the addition of PEP at 24 min, active extrusion of mannitol in the untreated preparation was observed, while extrusion via the NEM-treated liposomes was significantly inhibited. A control sample was taken from both preparations before the addition of PEP to measure the phosphorylation activity separately. The control experiment showed that the phosphorylation activity after NEM treatment was 8% of the untreated vesicles, explaining why some PEP-dependent efflux still occurred with the NEM-treated preparation. In contrast, the phos- phorylation activity at the outside of the liposomes after trypsin treatment was about 0.5 to 1% that of the original preparation.
Facilitated diffusion of mannitol. The slow movement of mannitol over the phospholipid membrane in the absence of PTS activity could be caused by passive diffusion or by facilitated diffusion via the unphosphorylated carrier. To discriminate between these two possibilities, we measured the efflux rate at different mannitol concentrations. Liposomes were loaded during sonication with 10 puM, 100 p.M, or 1 mM mannitol, and efflux was measured after a 10-fold dilution of the loaded liposomes into buffer (Fig. 5) . Even though the concentration gradient was the same in all three cases, efflux was faster and equilibrium was reached more quickly at the lower mannitol concentrations. This is the expected behavior for an enzyme-catalyzed efflux. Low internal substrate concentrations are exhausted more rapidly than high internal substrate concentrations. The involvement of EIIMtl in this efflux process was confirmed by examining the same process by using glucose, a nonspecific sugar, in place of mannitol. In this case, efflux and the approach to equilibrium followed the same time course for the two substrate concentrations measured, indicating that glucose exited the liposome by passive diffusion. Finally, when liposomes without EIIMtl were loaded with 1 mM or 100 ,uM mannitol and diluted 10-fold, efflux and the approach to equilibrium also followed the same time course expected for passive diffusion.
After equilibration of mannitol was achieved, about 30% of the initial label was still inside or associated with the liposomes, instead of the 10% expected on the basis of a 1:10 dilution. This could be caused by the presence of small liposomes which did not contain ElI.
Active uptake of mannitol. Figure 6 reports the ability of the proteoliposomes to accumulate mannitol via the correctly oriented Eli molecules. Liposomes, containing enclosed PEP, El, and HPr, were diluted 10-fold, and [14C]mannitol was added to the medium. No mannitol was accumulated in the absence of internal PEP, El, and HPr. At Efflux of mannitol was measured after a 10-fold dilution of the liposome suspension containing 1 mM internal and external 14C-mannitol in 50 mM potassium phosphate (pH 7.5), 5 mM MgSO4, 5 mM NaF, and trypsin (0.5 ,ug/ml) (l) or trypsin inhibitor (0.5 mg/ml) plus trypsin (0.5 pug/ml) (0). After (Fig. 6) .
Since the external mannitol concentration at the start of the transport experiment was 7 p.M and the internal volume of the liposome preparation after inclusion of PEP, EI, and HPr and subsequent 1-to-10 dilution was 0.53%, the uptake of 90% of the label indicates that the internal mannitol concentration was 1.1 mM. Time (min) FIG. 6 . Active uptake of mannitol. Proteoliposomes were loaded during sonication with a mixture of PEP (10 mM), El (0.5 ,uM), HPr (6 ,uM), DTT (1 mM), and MgCI2 (5 mM). Uptake of mannitol was measured after a 10-fold dilution of the liposomes in potassium phosphate (pH 7.5) and preincubation for 5 min at 30°C. [14C] mannitol (59 mCi/mmol) was added at the outside to a concentration of 7 p.M. 0, Liposomes without any further additions; A, dialyzed liposomes after incubation with pyruvate kinase (100 ,ug/ml) and 2 mM ADP for 10 min at 30°C; *, liposomes without inclusion of PEP, El, and HPr. The dotted line represents the total amount of mannitol present in the reaction mixture. Kinetics of transport and phosphorylation. In the previous sections, we have demonstrated the vectorial transport processes into and out of the liposome (see schemes C and B, Fig. 8a ) and we have been confronted with nonvectorial phosphorylation, the formation of external Mtl-P when PEP, HPr, El, and Mtl were present outside the liposome, catalyzed by inverted EIIMtI molecules (see scheme D in Fig.  8a ). The purpose of the kinetic measurements is to compare the rates of transport with the rates of nonvectorial phosphorylation. Initial rates of transport were measured by using liposomes loaded with PEP (10 mM), El (0.5 ViM), and HPr (100 p.M). The HPr concentration was increased in these experiments to minimize rate limitation from HPr at high mannitol concentrations. Trypsin treatment was used to inactivate inversely oriented Eli. The initial uptake rates were the same as after removing external PEP by dialysis. The uptake was measured in triplicate during the first 10 s after the addition of mannitol. The resulting data were biphasic (Fig. 7) . There was a rapid uptake, which tended to saturate at low substrate concentrations, followed by a linear increase with increasing mannitol concentrations. The control experiment to measure binding and passive and facilitated diffusion was executed in exactly the same way with liposomes lacking El, HPr, and PEP. The data (Fig. 7) Fig. 7, however, that the K.,, is below 10 pum.
The kinetics of the phosphorylation activity were measured between 1 ,uM and 1 mM mannitol at the same PEP, (9) for fructose phosphorylation mediated by the fructose PTS in inside-out membrane vesicles of Rhodobacter sphaeroides. In that system, however, the data indicated that fructose first had to enter the vesicle before it could be phosphorylated (Fig. 8b) . The Since the phosphorylation reaction is 10 times faster than the vectorial transport reaction, the phosphorylation reaction as we observed at the outside of the liposomes cannot be coupled to a vectorial process and must be described by scheme D of Fig. 8a .
The vectorial transport reaction is characterized by a high affinity and a low Vmax, while the phosphorylation in the absence of detergent has a low affinity and a high Vmax. Since a high affinity was observed when Eli was accessible for mannitol at its periplasmic side only and a low affinity was observed when Eli was accessible for mannitol at its cytoplasmic side only, we would expect to observe two affinities in permeabilized liposomes, in which EIIMt`is accessible for its substrate on both sides. Preliminary kinetics of phosphorylation in detergent clearly showed biphasic behavior which could be fit with two Km and Vm. values. It appears therefore that there is a correlation between the observed affinities and the two orientations of Eli. In this respect, it is interesting to note that two mannitol-binding sites, one high-affinity and one low-affinity binding site per dimer, have been detected on purified EIIMtl' in detergent (13) . These two binding sites may also be correlated with the two sides of ElI.
Our experimental results indicate that transport and phosphorylation are not strictly coupled. In the in vivo transport process, mannitol first binds to the periplasmic side of ElI and is then transported to the cytoplasmic side (17) . Here it is phosphorylated by ElI and released. When mannitol was available at the cytoplasmic side of the enzyme, however, it could be phosphorylated after binding on this side. For the in vivo situation, this means that EIIMtl is able to phosphorylate free mannitol inside the cell. The same conclusion has been drawn for ElI mannose (21) and for ElI glucose in E. coli cells (11) . That phosphorylation can occur independently of transport is also indicated by the recent isolation of a transport-negative mutant of EIIMt" which retains phosphorylation activity (10) .
The calculated Vmax for vectorial transport of 2.1 nmol of mannitol min-' mg of lipid-1 corresponds with a specific ElI activity of 243 nmol/nmol of correctly oriented ElI per min. By contrast, facilitated diffusion was about 0.3 to 2.5 nmol nmol of ElF-' * min ' (both orientations) for the experimental conditions in Fig. 5, i. e., 1 mM to 10 ,um mannitol and a concentration gradient of 10. The comparison indicates that facilitated diffusion by nonphosphorylated Eli does not play a significant role in vectorial transport of mannitol into the cell. As has been suggested earlier, facilitated diffusion could be important for induction and also for detoxification if high internal mannitol concentrations occur.
The highest turnover number was found when mannitol was phosphorylated at the cytoplasmic side of the carrier: 2,513 nmol of mannitol nmol of inverted EIl-' min-'. After solubilization in decyl-PEG, mannitol was phosphorylated with a maximal velocity of 2,788 nmol nmol of EIl-' * min-, which is in the same order as the phosphorylation at the cytoplasmic side of the membrane. The large difference between the maximum rate of transport and that of phosphorylation is unequivocal evidence that phosphorylation can occur without transport.
